Higher-Order Ambisonics (HOA) [1] is a theory for recording and reproducing directivity of incident sound waves by employing spherical harmonics expansion, which leads to a realization of sound field reproduction. However, an implementation of HOA recording/reproduction system suffers from a narrow sweet spot area caused by truncation of expansion order, so called Ambisonics order, and the resulting reproduction errors in binaural signals at listener's ears when the sweet spot area is too small to cover the listener's head, especially at higher frequencies [2] .
Introduction
Higher-Order Ambisonics (HOA) [1] is a theory for recording and reproducing directivity of incident sound waves by employing spherical harmonics expansion, which leads to a realization of sound field reproduction. However, an implementation of HOA recording/reproduction system suffers from a narrow sweet spot area caused by truncation of expansion order, so called Ambisonics order, and the resulting reproduction errors in binaural signals at listener's ears when the sweet spot area is too small to cover the listener's head, especially at higher frequencies [2] .
In order to broaden the sweet spot in HOA reproduction, Max-rE decoding has been proposed [3, 4] , which optimizes energy vector in the reproduction field. Furthermore, the authors' previous work suggested that, in addition to the MaxrE decoding, a use of larger number of loudspeakers than the minimum requirement for deriving decoding matrix, or a use of least-norm solution, contributes to broadening of the sweet spot and suppression of reproduction error outside the sweet spot, compared to the unique solution and normal decoding [5] . Although these previous works revealed that the Max-rE decoding and least-norm solution in decoding lead to improvements in reproduction accuracy, their effects were only examined with a free-field assumption for a reproduction field, i.e. without taking an existence of listener into account. Therefore, further investigations are required to clarify an effect of listener's existence on the reproduction, which conflicts with the free-field assumption in HOA theory, and then to clarify actual effects of the decoding methods.
In this letter, reproduction accuracy of binaural signals in the HOA reproduction with different decoding methods are numerically investigated by introducing boundary element simulation of scattering from listener's head and shoulder into numerical simulations of HOA reproduction.
HOA formulation
The HOA mainly consists of two main processes, i.e. encoding and decoding. In the HOA encoding, the directional pattern of incident waves in a primary field are expanded by spherical harmonics functions, to obtain expansion coefficients, or so called Ambisonics signals. In the HOA decoding, driving functions of secondary sound waves, which are generally assumed to be distributed on a sphere in a reproduction field, are derived from the expansion coefficients [6] .
In HOA encoding of plane wave whose incident angle is defined by a unit vector u , Ambisonics signals B is derived from spherical harmonics expansion of recorded signals S written as
where Y is the matrix consisting of n-th order and m-th degree spherical harmonics function Y m n for the incident angle u ¼ ð ; ' Þ. The superscript T denotes the transpose.
In HOA decoding, driving signal of secondary sound waves G is derived from B as
where D is the decoding matrix; Y L is the matrix consisting of spherical harmonics functions for the sound sources, which radiate plane waves and located at
the superscript H denotes the conjugate transpose. The HOA decoding of N-th order Ambisonics signal requires no less than ðN þ 1Þ 2 sound waves. As written in Eq
Instead of Eq. (2) for the conventional decoding, in MaxrE decoding, the driving signals G is obtained as
where a n ¼ P n cos 137:9 N þ 1:51 ; P n ðxÞ is the Legendre polynomial for the Ambisonics order n; diag½Á is the diagonal matrix. See the references [3] [4] [5] [6] for the details on the HOA formulation and Max-rE decoding. 
2 , a least norm solution is derived for HOA decoding. To avoid ill-conditioned problem in Eqs. (2) and (3), the incident directions of secondary plane waves should be distributed uniformly in 4 space as possible. This is realized by so-called Fibonacci spiral as described in the reference [7] , allocating them uniformly as possible.
Once the driving signals are determined through the HOA encoding and decoding, binaural signals at the ears can be numerically simulated by convolving the driving signals G with impulse responses for the secondary plane waves to listener's both ears, whose head center is located in the center of the reproduced field. The impulse responses for the plane waves were numerically computed from 3D-scanned head and shoulder geometry of a dummy head microphones (KEMAR, G.R.A.S), as demonstrated in Fig. 1 , and the boundary element method [8] . The computer model of the dummy head consists of 75,612 triangular elements, whose averaged edge length is 2.8 mm. Thus, the boundary element simulation is valid up to 20 kHz if six elements per wavelength could provide accurate simulation results.
In the primary field, incident angles of plane wave are between À175 and 180 degrees of azimuthal angle with 5-degrees interval in anticlockwise order. Here, 0 degrees of azimuthal angle corresponds to frontal sound source. In this letter, sound sources in the primary field are located only in the horizontal plane. The sampling frequency is 44.1 kHz.
It should be noted that, with N ¼ 10, the sweet spot, in which the reproduction error is below À14 dB defined in the literature [9] , is a spherical region with 16-cm diameter, which roughly corresponds to an interaural distance, at approximately 7 kHz. At the frequencies higher than 7 kHz, the sweet spot would be too small to cover both the ears.
Results
The simulated binaural signals are compared among different decoding methods along with the ones observed in the primary field. 3.2.1. Frequency response Figure 2 illustrates the amplitude spectra of the binaural signals in the primary field and reproduced fields. The abscissa and ordinate represent frequency in kHz and azimuthal angle of incident angle in degree, respectively. The azimuthal angle increases in anticlockwise rotation with 0 degrees corresponding to a frontal sound wave. The color bar indicates the relative sound pressure level in dB. The figure reveals that, for the case of L ¼ 121 with normal decoding, the amplitude spectra are reproduced accurately only below 2 or 3 kHz, whereas they are quite larger than those in the primary field and the spectral notches and peaks are deformed at the higher frequencies. For the cases of L ¼ 144 with normal decoding, the amplitude spectra are accurately reproduced below approximately 5 or 6 kHz and the reproduction errors are smaller at higher frequencies, compared to the case of L ¼ 121 with normal decoding. For the case of L ¼ 121 with Max-rE decoding, the frequency range in which the amplitude spectra are accurately reproduced is slightly broadened toward higher frequency but prominent reproduction errors are found at higher frequencies as in the case of L ¼ 121 with normal decoding. Finally, for the case of L ¼ 144 with Max-rE, the amplitude spectra are likely reproduced with small errors at frequencies up to more than 10 kHz in maximum, depending on the azimuthal angle.
Signal to noise ratio
For quantitative comparisons, SNRs were calculated between binaural signals observed at both the ears in the primary and reproduced fields. It is assumed that, in the primary field, a plane wave comes from À90 degrees of azimuthal angle, i.e. from the listener's right. Before calculating SNR, low-pass filtering was applied with cutoff frequencies of 2, 4, 5, 8, 16, and 20 kHz because the reproduction accuracy depends on the frequency. Figures 3 demonstrates the SNR values for the cases of (a) normal and (b) Max-rE decoding. The abscissa and ordinate in each figure represent cutoff frequency in kHz and SNR in dB, respectively.
The figures reveal that, in both normal and Max-rE decoding, a larger number of loudspeaker (L ¼ 144, or 12
2 ) with least-norm solution leads to higher SNR, i.e. more accurate reproduction than a unique solution (L ¼ 121, or 11 2 ), especially at higher frequencies; the Max-rE decoding generally achieves more accurate reproduction than the normal decoding for both the ears, except that SNRs at the left ear, i.e. ipsilateral ear, are lower than the normal decoding with 2, 3, and 5 kHz of cutoff frequency.
Discussions
As mentioned earlier, with N ¼ 10, listener's both ears are located inside a spherical sweet spot up to 7 kHz. However, as shown in Fig. 2 , an accurate reproduction was achieved only at much lower frequencies for the case of employing unique solution and normal decoding. This would be because the HOA is formulated assuming a free field for the reproduction field, namely without assuming the listener's head existing in the reproduced field whereas a listener does exist in the actual listening environment. A listener' head and body acts as acoustic obstacle and scattering object, which is not assumed in HOA formulation in theory, thereby resulting in less accurate reproduction than theoretically expected with the free-field assumption.
Although the existence of listener in the reproduction field degrades the accuracy of HOA reproduction, reproduction accuracy of binaural signals can be enhanced with decoding techniques. The results described in the previous section indicate that, generally, utilizing a larger number of secondary sound sources than the minimum requirement, i.e. L ¼ ðN þ 1Þ 2 , would enhance the reproduction accuracy of binaural signals. Furthermore, the Max-rE decoding has an advantage over the normal decoding especially at higher frequencies with a certain increase of reproduction error at the ipsilateral ear at lower frequencies. The most accurate reproduction would be achieved by employing both the leastnorm solution and the Max-rE decoding simultaneously.
Conclusions
This letter presented numerical investigations on reproduction accuracy of binaural signals in HOA reproduction, by introducing a boundary element simulation of listener's head into the simulation of HOA reproduction. The numerical results demonstrated that the binaural signals are deteriorated because of physical difference between an ideal free-field assumption employed in the HOA theory and the actual listening environment in which a listener's head exists. However, the results also revealed that a use of larger number of secondary sound sources than the minimum requirement and Max-rE decoding could generally improve the reproduction accuracy of binaural signals. 
